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VESSEL CROSS-SECTIONAL AREA
MEASUREMENT USING CT ANGIOGRAPHY

BACKGROUND OF THE INVENTION

The present invention generally relates to vessel cross-
sectional area and, more particularly, to apparatus and
methods to measure vessel cross-sectional area for stenotic
vessels.

Accurate measurement of vessel cross-sectional area
(CSA) 15 limited by low spatial resolution and the partial
volume eflect. Existing techniques for CSA measurement
are particularly limited for vessels with small CSAs, which
includes the stenotic region. Partial volume eflfect limits the
accurate visualization and measurement of stenosis severity.

Current methods for measuring vessel morphometry do
not correctly account for the partial volume eflect caused by
the limited spatial resolution of the imaging system. Hence,
in standard clinical CT images, the measurement becomes
unrcliable for small vessels as well as highly stenotic
vessels. The standard single threshold technique waill fail in

this case since the required threshold i1s dependent on the
s1ize of the vessel (FIG. 1).

Coronary computed tomography (CT) angiography 1s a
noninvasive method for visualizing coronary atherosclero-
s1s. Over the past decade, coronary CT angiography image
quality has progressively improved. However, previous CT
angiography studies have observed an overestimation of
stenosis severity. Previous reports indicate that CT angiog-
raphy mnaccurately 1dentifies coronary lesions as severe and
the 1dentified lesions are the actual cause of 1schemia less
than one-half of the time. This finding has led to concerns
that widespread application of CT angiography may result in
unnecessary invasive coronary angiography.

There have been previous eflorts to improve the visual-
1zation of a stenotic vessel by displaying the images with a
standard window and level. Semi-automated techniques
include segmenting vessel lumen from the surrounding
tissue by setting a threshold Hounsfield unit (HU). However,
the threshold 1s highly dependent on the vessel size so the
stenosis severity can be underestimated or overestimated
depending on the threshold HU.

Another major limitation of coronary CT angiography 1s
the presence of arterial calcification, which hampers visu-
alization and measurement of stenosis severity. There have
been previous eflorts to measure CSA 1n the presence of
calcification by subtracting a pre-contrast image to eliminate
the calcium signal. However, accuracy of the subtraction
technique 1s highly limited by motion artifacts that are
difficult to correct.

Accordingly, there 1s a need for apparatus and methods to
accurately measure lumen CSA 1n the presence of stenosis
and/or calcification.

SUMMARY OF THE INVENTION

In one aspect of the present invention, a method of
measuring vessel cross-sectional area comprises imaging the
cross-sectional area of the vessel, wherein the imaging
includes: a central calibration region of mterest (ROI) of the
vessel to obtain a true Hounsfield unit (HU); an object ROI
that includes a vessel area aflected by a partial volume effect
to obtain an object HU; a ring ROI that 1s outside the object
ROI to obtain a background HU; and integrating the true
HU, the object HU, and the background HU to calculate the

Cross-sectional area.
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In another aspect of the present invention, a method of
measuring vessel cross-sectional area comprises determin-

ing a mean Hounsfield unit (HU) inside of the vessel while
excluding a partial volume eflect; determining a mean HU
outside of the vessel; and integrating the mean inside HU
and mean outside HU to calculate the cross-sectional area.

In a further aspect of the present invention, a method of
measuring vessel cross-sectional area in the presence of
calcification comprises obtaining a pre-contrast image of the
cross-sectional area; determining a mean Hounsfield unit
(HU) mside of the vessel while excluding a partial volume
cllect; determining a mean HU outside of the vessel; inte-
grating the mean inside HU and mean outside HU to obtain
an integrated HU; and subtracting the pre-contrast image
from the integrated HU to calculate the cross-sectional area
accounting for calcification.

In yet another aspect of the present invention, a system for
measuring vessel cross-sectional area comprises a CT scan-
ner configured to image: a central calibration region of
interest (ROI) of the vessel to obtain a true Hounsfield unit
(HU); an object ROI that includes a vessel area aftected by
a partial volume eflect to obtain an object HU; a ring ROI
that 1s outside the object ROI to obtain a background HU; a
processor 1n communication with the CT scanner, wherein
the processor 1s configured to: integrate the true HU, the
object HU, and the background HU to calculate the cross-
sectional area.

In an additional aspect of the present invention, a system
for measuring vessel cross-sectional area comprises a CT
scanner configured to 1mage an inside of the vessel; a
processor 1n communication with the CT scanner, wherein
the processor 1s configured to: obtain a mean Hounsfield unit
(HU) inside of the vessel while excluding a partial volume
ellect; obtain a mean HU outside of the vessel; and integrate
the mean 1nside HU and mean outside HU to calculate the
cross-sectional area.

In an additional aspect of the present invention, a system
for measuring vessel cross-sectional area comprises a CT
scanner configured to: obtain a pre-contrast image inside of
the vessel; obtain a post-contrast image 1nside of the vessel;
a processor 1n communication with the CT scanner, wherein
the processor 1s configured to: obtain a mean Hounsfield unit
(HU) inside of the vessel while excluding a partial volume
cllect; obtain a mean HU outside of the vessel; integrate the
mean inside HU and mean outside HU to obtain an inte-
grated HU; and subtract the pre-contrast image from the
integrated HU to calculate the cross-sectional area account-
ing for calcification.

These and other features, aspects and advantages of the
present mnvention will become better understood with refer-
ence to the following drawings, description and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 are images and profiles of vessels with (a) and
without (b) the partial volume effect. A standard threshold-
ing level at 150 HU 1s also shown.

FIG. 2 1s an 1image that shows a simulated vessel lumen
with ROIs for CSA measurement where the central ROI that
yields S, and the background ROI that vields Sz are
unaflected by partial volume effect while the object ROI
used to calculate I 1s aflected by partial volume eflect,
according to an embodiment of the present invention.

FIG. 3 are images with (a) and without (b) stenosis along,
with an 1image with (c) calcification.

FIG. 4 are graphs of linear regression analysis comparing,
measured CSA by two readers, (a) and (b), to the known
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CSA for vessels without stenosis. The best fit line, its
equation and Pearson’s r value are shown 1n each plot.

FIG. 5 1s a graph of linear regression analysis comparing,
measured CSA using the integrated HU technique to the
known CSA for vessels without stenosis, according to an
embodiment of the present invention. The best {it line, 1ts
equation and Pearson’s r value are shown.

FIG. 6 are graphs of linear regression analysis comparing,
measured CSA by two readers, (a) and (b), to the known
CSA for vessels with stenosis. The best {it line, 1ts equation
and Pearson’s r value are shown 1n each plot.

FIG. 7 1s a graph of linear regression analysis comparing,
measured CSA using the imtegrated HU technique to the
known CSA {for vessels with stenosis, according to an
embodiment of the present invention. The best fit line, 1ts
equation and Pearson’s r value are shown.

FIG. 8 are graphs of comparisons of precision and accu-
racy quantified by the root-mean-square deviations from the
best fit line (RMSD), and the root-mean-square errors to the
known values (RMSE), respectively. The integrated HU
technique (green) shows a factor of two improvement for (a)
vessels without stenosis and about a factor of three improve-

ment for (b) the vessels with stenosis as compared with the
two readers (black and blue).

FI1G. 9 are graphs of reliability of the CSA measurements
for the readers and for the 1ntegrated HU technique usmg the
coellicient of vanation. The coellicient of variation 1s com-
puted from the independent realizations of each vessel by
taking the ratio of the standard deviation over the mean.

FIG. 10 1s a graph of correlation between measured and
known CSA with calcification. The best {it line, 1ts equation
and Pearson’s r value are shown.

FIG. 11 1s a table of linear regression analysis for readers
and the integrated HU techmque—without stenosis.

FIG. 12 1s a table of linear regression analysis for readers
and the mtegrated HU techmque—with stenosis.

FIG. 13 1s an exemplary system according to an embodi-
ment of the present invention.

DETAILED DESCRIPTION OF TH.
INVENTION

L1l

The following detailed description 1s of the best currently
contemplated modes of carrying out exemplary embodi-
ments ol the invention. The description 1s not to be taken in
a limiting sense, but 1s made merely for the purpose of
illustrating the general principles of the invention, since the
scope ol the invention 1s best defined by the appended
claims.

Broadly, the present invention provides apparatus and
methods to determine the CSA of vessels 1n coronary CT
angiography by measuring the integrated HU, correctly
accounting for the partial volume effect and the presence of
calcification. The present invention does not depend on the
spatlal resolution of an 1maging system since the integrated
HU 1s used for a CSA measurement rather than a vessel
dimension. The present imnvention 1s capable of quantifying
a small CSA despite the partial volume effect.

According to the present invention, an integrated HU
based approach for CSA measurement 1s used, with a
premise that although the HU of a certain voxel 1s influenced
by the partial volume eflect, the total integrated HU within
a region of mterest (ROI) 1s conserved. This premise 1s valid
due to the fact that the signal from the 1odinated contrast is
shared between different voxels but the total signal does not
change.
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A generalized concept behind the present invention 1s
shown 1n FIG. 2, which depicts a simple model of a vessel
with two materials: high HU 1odine solution within the
vessel lumen and relatively low HU of epicardial fat (mod-
cled as lipid) surrounding the vessel. There are three ROIs:
(1) a central calibration ROI which includes only pixels that
are unallected by the partial volume effect to measure the
true HU 1n the lumen (S O) (2) an object ROI which includes
the entire 1odine signal in the lumen, including any plXE:lS
that are affected by the partial volume effect, and (3) a ring
ROI just outside the object ROI to measure the background
HU (S;.). The integrated HU (1) measured from the object
ROI includes the partial volume eflfect. However, using the
above premise about signal conservation, 1t 1s the same as
the integrated signal without the partial volume effect and
can be written as:

I=(4-CSA)xSp +CSAXS,,

(1)

where A 1s the total area of object ROI. Hence, CSA can be
derived as:

I — AXSpe
S0 —SBG

CSA = (2)

EXAMPLES

Simulation

Polyenergetic fan beam CT simulations were performed
using software written in MATLAB. The x-ray spectrum
was generated with a spectral model using interpolating
polynomials employing the TASMIP algorithm. Phantoms
were defined by a collection of ellipses of diflerent materi-
als. The forward projections were computed analytically.
The energy dependent linear attenuation coeflicients for the
materials 1n the simulated phantoms were generated based
on their chemical composition. Quantum noise was simu-
lated with Poisson statistics. Poisson statistics were used to
simulate the noise 1n the sinogram for each pixel, based on
the simulated photon counts that it received. Thus, the
quantum noise level 1n an open field was proportional to the
square root of the exposure used in the simulation. The
analytical model for simulating the forward projections did
not include Compton scatter. However, the exclusion of
Compton scatter 1s not expected to aflect the inventive
method for CSA measurement, as a fundamental theory of
the inventive method will remain the same with or without
Compton scatter. The detector has a pixel pitch of 0.5 mm
and was assumed to have an energy response function that
1s proportional to the incident photon energy. Gaussian
blurring along the detector line was applied to the projected
images to simulate the effect of focal spot blurring. Simu-
lation parameters were selected to match the geometry of a
320-slice CT scanner (Aquilion One, Toshiba American
Medical Systems, Tustin, Calif.). The simulated i1mages
were matched to the experimental 1mages, 1n terms of CT
number, noise, spatial resolution, and contrast to noise ratio
(CNR). A standard ramp filter was used for reconstruction,
but simulation parameters were adjusted 1n order to produce
a reconstructed CT 1image that was similar to the clinical CT
scanner. All 1images were simulated at 100 kVp with an
equivalent CTDI _, of 7.6 mGy. Images were reconstructed
using a slice thickness of 0.5 mm with a MATLAB-based
image reconstruction toolkit using filtered back projection
but the technique 1s also expected to work with the existing
iterative reconstruction algorithms. The pixel size i1n the
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reconstructed slices was selected to be approximately 0.1
mm to improve visualization and allow for more precise
ROI selection.

In simulation, a two material model local to coronary
vasculature was assumed. Confrast enhanced lumen was
modeled as an 8 mg/ml 10dine solution and background as
lipid. The average and standard deviation were 288+16 HU
and -142x17 HU for 10odine solution and lipid, respectively.
Normal vessels were simulated by circles whose diameters
range from 0.1-3 mm 1n steps of 0.2 mm. To simulate
lesions, 2 mm, 3 mm, and 4 mm diameter vessels were
simulated with area stenoses from 10% to 90% 1n steps of
10%. The occlusion was created by a circular region of lipid
placed within the lumen resulting in a crescent shaped
lumen. Each vessel was simulated three times to obtain
multiple noise realizations for a total of 126 vessels. FIG. 3
shows example 1images of vessels with and without stenosis.

The CSA method of the present mmvention can also be
applied when there are additional maternials near the vessel.
We evaluated 1ts performance in the presence of a calcifi-
cation using pre- and post-contrast images for correction of
the calcification signal. Calcification was represented as a
0.3 mm-~ stenosis with a signal of 1100 HU embedded in
vessels 1n a diameter range of 2-4 mm. Simulated 1mages
were generated for vessels filled with both blood and 10di-
nated contrast. The integrated density 1n the object ROI from
the pre-contrast 1mage was subtracted from the integrated
density of the post-contrast image to remove the calcium and
background signal from the measurement. In the simulation,
there was perfect registration between the scans, but some
mis-registration can be expected 1n clinical images. There-
fore, to simulate slight mis-registration, measurements were
repeated with the vessels 1n the pre-contrast image shifted by
0.35 mm.

Reader Assessment of CSA

All analysis was completed on a dedicated workstation
with custom graphical user interface (GUI) soitware written
in MATLAB. Vessels were presented 1n a random order with
the constraint that realizations of the same vessel were
separated by at least three images. The vessel was displayed
at the center of a square viewing window 8 mm on each side.
Two trained readers performed CSA measurements 1n simu-
lated vessels with and without stenosis using hand-delin-
cated ROIs with the GUI software. Following a previous
report, the display window and level were set automatically
at 155% and 65% of the mean luminal enhancement, respec-
tively. However, readers were allowed to freely adjust the
display settings for better visualization, especially for small
vessels where the partial volume eflect greatly reduced the
lumen HU.

The object ROIs for the integrated HU technique were
first automatically generated based on the known radius of
the vessels, and then adjusted manually to ensure the 1nclu-
sion of the entire lumen with 1odinated blood. Once the
object ROIs were determined, the ring ROIs were automati-
cally drawn concentrically using a radius that was 1.2 times
higher than that of the object ROIs. One calibration ROI was
made at the center of a large vessel to measure the true
1odine signal without the partial volume eflect. The mean
pixel values and areas of these three ROIs were recorded
automatically and used for CSA calculation using Eq. 2.
Statistical Analyses

The root-mean-square (RMS) deviations from the fit and
the RMS errors to the known values were calculated to
assess the precision and accuracy, respectively, of the mea-
surement. Reliability of the CSA measurements was evalu-
ated using the coeflicient of vanation (CV). The coethlicient
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of variation 1s computed from the independent realizations
of each vessel by taking the ratio of the standard deviation
over the mean.

Results

FIGS. 4 and 5 show the CSA measurements of the vessels
without stenosis performed by two readers and the semi-
automated 1integrated HU technique of the present invention,
respectively.

FIGS. 6 and 7 show the CSA measurements of the vessels
with stenosis performed by two readers and the semi-
automated integrated HU technique of the present invention,
respectively.

FIGS. 11 and 12 respectively show table summaries of the
linear regression analysis for the readers and the integrated
HU technique of the present invention in vessels without and
with stenosis. The root mean square diflerence (RMSD) and
the root mean square error (RMSE) represent precision and
accuracy, respectively.

FIG. 8 shows a comparison of precision (RMS deviation)
and accuracy (RMS error) for vessels with and without
stenosis. Although a good correlation was found in the
manual method, the overall RMS error was approximately
twice as large as the result from the integrated HU technique
of the present mvention for vessels without stenosis and
three times as large for vessels with stenosis.

FIG. 9 shows the coeflicient of vaniation for the integra-
tion method of the present invention and the two readers in
the vessels (a) without and (b) with stenosis. The errors for
the readers were higher for vessels with smaller CSA, where
the measurement was limited due to the partial volume
cllect. This 1s particularly true for vessels with CSA less than
4 mm~>, where significant scatter can be seen from the
manual method. Moreover, for CSA less than 1 mm?, both
readers had difliculty detecting the lumen, while the inte-
gration technique of the present invention was still able to
predict the CSA with relatively good accuracy.

The eflect of calcium on CSA measurement in the case of
arterial calcification can be reduced by subtracting the
integrated HU from a registered pre-contrast image. FI1G. 10
shows the CSA measurement results after correction for
calcium signal. The measured CSA 1s 1 good agreement
with the known CSA. To simulate slight mis-registration,
measurements were repeated with the vessels 1n the pre-
contrast image shifted by 0.35 mm. The maximum change 1n
the measured CSA was 0.08 mm~ with an average change of
0.014 mm~, which is much smaller than the RMS error of
0.41 mm~.

Sumimary

Coronary CT angiography 1s currently limited by the
partial volume eflect. The present invention provides, in
embodiments, an automated technique that can accurately
measure lumen CSA 1n the presence of stenosis by account-
ing for the partial volume etlfect. Our simulation results show
that the mtegrated HU can be used to accurately measure
vessel CSA by accounting for the partial volume effect. The
results of our semi-automatic technique show that it can
improve the precision and accuracy of vessel CSA as
compared with the existing manual technique. The semi-
automated ntegrated HU techmique showed a factor of two
improvement 1n precision and accuracy for vessels without
stenosis and approximately a factor of three improvement
for vessels with stenosis. This 1s particularly true 1n the case
of small vessel diameters where the CSA measurement 1s
more limited by partial volume effect. The measured coet-
ficient of variation for CSA measurements using the inte-
grated HU technique of the present invention in vessels
without stenosis was less than 10% for lumen areas greater
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than 2 mm~ while for the manual technique this lumen area
was more than 6 mm~. This shows a substantial reduction in
variability of CSA measurement for small vessel diameters
using the semi-automated integrated HU technique of the
present invention.

In embodiments, the ntegrated HU technique of the
present invention 1ncludes a determination of the mean HU
inside and outside the vessel lumen, which 1s unaflected by
partial volume eflect for accurate measurement of vessel
CSA. This can be accomplished by measuring the mean HU
at the center of the lumen and far enough away from the
vessel wall so that 1t will not be affected by the partial
volume effect. However, 1n the case of a stenosis, the HU
inside the lumen can be entirely aflected by partial volume
eflect. Therefore, 1n the case of a stenosis, the unaflected HU
can be estimated by averaging the HU in the normal lumen
betore and after the stenosis.

Coronary artery calcification 1s another major limitation
for accurate measurement of CSA. Our invention 1s based on
integrated HU and 1t 1s immune to motion mis-registration as
long as the calcified region stays within the object ROI for
the pre- and post-contrast images. The results show that the
integrated HU technique 1n conjunction with a registered
pre-contrast image can be used to accurately measure lumen
area even 1n the presence of calcification. The subtraction
technique has previously been investigated and 1t works well
when there 1s good registration between the two scans, but
some mis-registration can be expected. To simulate slight
mis-registration, measurements were repeated with the ves-
sels 1n the pre- and post-contrast image shifted from each
other. Our results show that the measured error in the
integrated HU was relatively small with the expected motion
mis-registration. The use of integrated HU makes the
method more robust against registration errors due to the
averaging ol many pixels.

CT angiography image data has recently been used to
derive fractional flow reserve (FFR) to estimate the physi-
ological severity of a stenosis. In this approach, the geo-
metrical parameters of the stenosis and arterial tree are used
to perform computational tluid dynamics and estimate pres-
sure drop across the stenosis. A previous report has shown
that lesion CSA and flow rate are the most important
parameters for accurate estimation of FFR based on stenosis
geometrical parameters. Therefore, accurate measurement
of lesion CSA 1s expected to also improve existing tech-
niques for estimation of FFR based on CT angiography
image data.

The integrated HU technique, in embodiments, uses the
mean HU 1nside and outside the lumen for measurement of
CSA, both of which were estimated using a large region of
interest inside and a ring region of interest outside the lumen
to minimize any potential error in CSA estimation. However,
large vanation in HU close to vessel lumen, such as calci-
fication, can potentially introduce error in CSA estimation.
Therefore, lumen CSA measurement 1n the presence of
calcification requires a registered pre-contrast 1mage, which
can be used to subtract the integrated HU due to the
calcification. This indicates that a large motion mis-regis-
tration with the pre-contrast image can potentially introduce
error 1n CSA measurement.

As can be seen, the present mvention uses, in embodi-
ments, a semi-automated integrated Hounsfield unit tech-
nique that yields more than a factor of two improvement in
accuracy as compared to the existing manual technique for
vessels with and without stenosis. This technique can also be
used to correct for the eflect of coronary calcification.
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As will be appreciated by one skilled in the art, the present
invention may be embodied as a system, a method or a
computer program product. Accordingly, the present inven-
tion may take the form of an entirely hardware embodiment,
an entirely software embodiment (including firmware, resi-
dent software, micro-code, etc.) or an embodiment combin-
ing software and hardware aspects. Furthermore, the present
invention may take the form of a computer program product
embodied 1n any tangible medium of expression having
computer usable program code embodied in the medium.
Any combination of one or more computer usable or com-
puter readable medium(s) may be utilized.

The computer-usable or computer-readable medium may
be, for example but not limited to, an electronic, magnetic,
optical, electromagnetic, infrared, or semiconductor system,
apparatus, device, or propagation medium. More specific
examples (a non-exhaustive list) of the computer-readable
medium would include the following: an electrical connec-
tion having one or more wires, a portable computer diskette,
a hard disk, a random access memory (RAM), a read-only
memory (ROM), an erasable programmable read-only
memory (EPROM or Flash memory), an optical fiber, a
portable compact disc read-only memory (CDROM), an
optical storage device, a transmission media such as those
supporting the Internet or an intranet, or a magnetic storage
device. Note that the computer-usable or computer-readable
medium could even be paper or another suitable medium
upon which the program i1s printed, as the program can be
clectronically captured, via, for instance, optical scanning of
the paper or other medium, then compiled, interpreted, or
otherwise processed 1n a suitable manner, 11 necessary, and
then stored 1n a computer memory.

In the context of this document, a computer-usable or
computer-readable medium may be any medium that can
contain, store, communicate, propagate, or transport the
program for use by or in connection with the istruction
execution system, apparatus, or device. The computer-us-
able medium may include a propagated data signal with the
computer-usable program code embodied therewith, either
in baseband or as part of a carrier wave. The computer
usable program code may be transmitted using any appro-
priate medium, including but not limited to wireless, wire-
line, optical fiber cable, RE, etc.

It should be understood, of course, that the foregoing
relates to exemplary embodiments of the invention and that
modifications may be made without departing from the spirit
and scope of the mvention as set forth in the following
claims.

I claim:
1. A method of diagnosing stenosis 1 a blood vessel,
comprising;
imaging, via a CT1 scanner, a cross-section of the vessel
and a background area surrounding the vessel cross
section, wherein the imaging 1s of:

a central region of interest (ROI), which 1s inside the
vessel cross section, to measure the central ROI 1n
terms of a true Hounsfield unit (HU) (S,,);

an object ROI, which 1s 1nside the vessel cross section
and includes the central ROI and 1s aflected by a
partial volume eflect, to measure the object ROI 1n
terms of an object HU (I);

a ring ROI, which 1s 1n the background area, to measure
the ring ROI 1n terms of a background HU (S 5);

using, via a processor, the true HU, the object HU, and the
background HU to calculate a cross-sectional area

(CSA) of the vessel cross section;
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wherein the calculated cross-sectional area (CSA) 1s
defined by:

where A=total area of the object ROI; and
using, via the processor, the calculated cross-sectional
area to minimize underestimation and overestimation
ol severity of stenosis in the vessel.
2. The method of claim 1, wherein the vessel has calci-
fication.
3. The method of claim 1, wheremn the ring ROI has a
radius that 1s 1.2 times larger than a radius of the object ROL.
4. A method of diagnosing stenosis i a blood vessel,
comprising;
measuring, via an imaging ol a cross section of the vessel,
a central region of interest (ROI) which 1s 1n the vessel
cross section, to obtain a mean true Hounsfield unit
(HU) (So)s
measuring, via the imagining of the cross section of the
vessel, an object ROI which 1s 1n the vessel cross
section and 1ncludes the central ROI and 1s aflected by
a partial volume effect, to obtain a mean object HU (I)
that includes a partial volume eflect of the vessel cross
section;
measuring, via an imaging ol a background area outside
of the vessel cross section, the background area to

obtain a mean background HU (S;);
using, via a processor, the mean true HU, the mean object
HU, and the mean background HU to calculate a
cross-sectional area of the vessel cross section;
wherein the calculated cross-sectional area (CSA) 1s

defined by:

[ —AXSpe
So —SBG

CSA =

where A=total area of the object ROI; and
using, via the processor, the calculated cross-sectional
area to minimize underestimation and overestimation
ol severity of stenosis 1n the vessel.

5. The method of claim 4, wherein measuring the central
ROI includes measuring the central ROI at only a center of
the vessel.

6. The method of claim 3, wherein measuring the central
ROI includes measuring the central ROI radially mward
from a vessel wall to exclude the partial volume effect.

7. The method of claim 5, wherein:

the method further comprises obtaining the mean object

HU before stenosis and the mean object HU with
stenosis.

8. A method of diagnosing stenosis in a blood vessel
having calcification, comprising:

measuring, via a pre-contrast imaging of a cross section of

the vessel, an object ROI which 1s mnside the vessel
cross section and 1s affected by a partial volume eflect,
to obtain a pre-contrast mean object HU that includes
a partial volume eflect of the vessel cross section;
measuring, via a post-contrast imaging of the cross sec-
tion of the vessel, a central ROI which i1s inside the
object ROI, to obtain a post-contrast mean true HU

(Se);
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measuring, via the post-contrast imagining of the cross
section of the vessel, the object ROI, to obtain a
post-contrast mean object HU that includes the partial
volume eflect of the vessel cross section;

measuring, via a post-contrast imaging of a background
area outside of the vessel cross section, the background
area 1n terms of a post-contrast mean background HU
Spe);

using the post-contrast mean true HU, the pre-contrast
mean object HU, the post-contrast mean object HU,
and the post-contrast mean background HU to obtain an
integrated HU that i1s representative of a calculated
cross-sectional area (CSA) of the vessel cross section;

wherein the calculated CSA 1s defined by:

[ — AXSpe
So — SBG

CSA =

where A=total area of the object ROI and where
I=subtracting the pre-contrast mean object HU from the
post-contrast mean object HU, accounting for the calcifica-
tion; and

using the calculated cross-sectional area to minimize

underestimation and overestimation of severity of
stenosis 1n the vessel.

9. The method of claim 8, wherein measuring the central
ROI, via post-contrast imaging, includes measuring the
central ROI at only a center of the vessel.

10. The method of claim 8, wherein measuring the central
ROI, via post-contrast imaging, includes measuring the
central ROI radially inward from a vessel wall to exclude the
partial volume eflect.

11. A system for diagnosing stenosis in a blood vessel,
comprising;

a CT scanner that images:

a central region of interest (ROI), which 1s mnside a
cross section of the vessel, to measure the central
ROI 1n terms of a true Hounsfield unit (HU) (S,,);

an object ROI, which 1s 1nside the vessel cross section
and includes the central ROI and 1s aflected by a
partial volume eflect, to measure the object ROI 1n
terms of an object HU (I);

a ring ROI, which 1s 1n a background area that 1s outside
ol the vessel cross section, to measure the ring ROI
in terms of a background HU (Sz);

a processor in communication with the CT scanner,

wherein the processor:

uses the true HU, the object HU, and the background

HU to calculate a cross-sectional area (CSA) of the
vessel cross section;
wherein the calculated cross-sectional area (CSA) 1s

defined by:

[ — AXSpe

(SA =
So —SBG

where A=total area of the object ROI; and
uses the calculated cross-sectional area to minimize
underestimation and overestimation of severity of
stenosis 1n the vessel.
12. A system for diagnosing stenosis in a blood vessel,
comprising;
a C'T scanner that images an area nside of the vessel and
an area outside of the vessel;
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a processor in communication with the CT scanner,

wherein the processor:

obtains a measured mean true Hounsfield unit (HU)
(S,,) from the image of the area inside of the vessel
while excluding a partial volume efiect inside of the
vessel;

obtains a measured mean object HU (I) from the image
of the area 1nside of the vessel while including the
partial volume eflect inside of the vessel;

obtains a measured mean background HU (S ;) from
the 1mage of the area outside of the vessel; and

uses the mean true HU, the mean object HU, and the
mean background HU to calculate a cross-sectional
area of the inside of the vessel;

wherein the calculated cross-sectional area (CSA) 1s

defined by:

where A=total area of the object ROI; and

uses the calculated cross-sectional area to minimize

underestimation and overestimation ol severity of
stenosis 1n the vessel.

13. A system for diagnosing stenosis in a blood vessel 1n
the presence of calcification, comprising:
a CT scanner that:

provides a pre-conftrast image of an area inside of the
vessel;

provides a post-contrast image of the area inside of the
vessel;

provides a post-contrast image of an area outside of the
vessel;

processor 1n communication with the CT scanner,

wherein the processor:

obtains a pre-contrast mean object Hounsfield unit

(HU) that 1s measured from the pre-contrast image
that includes an object region of interest (ROI) which
has a partial volume eflect;

obtains a post-contrast mean true HU that 1s measured
from the post-contrast image of a central ROI which
1s part ol the area inside of the vessel and does not
have the partial volume effect;

obtains a post-contrast mean object HU that 1s mea-
sured from the post-contrast image that includes the
object ROI which has the partial volume eflect;

obtains a post-contrast mean background HU that is
measured from the post-contrast image of the area
outside of the vessel;
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uses the post-contrast mean true HU, the pre-contrast
mean object HU, the post-contrast mean object HU,

and the post-contrast mean background HU to obtain
an 1tegrated HU that i1s representative of a calcu-
lated cross-sectional area (CSA) of the vessel cross

section;
wherein the calculated CSA 1s defined by:

I — AXSgq

(SA =
So —SBG

where A=total area of the object ROI and I=subtracting the
pre-contrast mean object HU from the post-contrast mean
object HU, accounting for the calcification; and

uses the calculated cross-sectional area to minimize

underestimation and overestimation of severity of
stenosis 1n the vessel.

14. A non-transitory computer readable medium with
computer executable instructions stored thereon, executed
by a processor, to perform a method of diagnosing stenosis
in a blood vessel, the method comprising;:

imaging, via a CT scanner, a cross-section of the vessel

and a background area surrounding the vessel cross

section, wherein the 1imaging 1s of:

a central region of interest (ROI), which 1s inside the
vessel cross section, to measure the central ROI 1n
terms of a true Hounsfield unit (HU) (S,);

an object ROI, which 1s 1nside the vessel cross section
and includes the central ROI and 1s aflected by a
partial volume eflect, to measure the object ROI 1n
terms of an object HU (I);

a ring ROI, which 1s in the background area, to measure
the ring ROI 1 terms of a background HU (S, ;);

using, via a processor, the true HU, the object HU, and the
background HU to calculate a cross-sectional area

(CSA) of the vessel cross section;

wherein the calculated cross-sectional area (CSA) 1s

defined by:

I — AXSgea

(SA =
So —SBG

where A=total area of the object ROI; and
using, via the processor, the calculated cross-sectional
area to minimize underestimation and overestimation
of severity of stenosis in the vessel.
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